The proposed methodology accounts for the uncertainties in the ground motion parameters, the distance from source, the seismic demand on the bridge, and the corrosion initiation time. The statistics of the accumulated damage and the cost of repairs throughout the bridge life-cycle are obtained by Monte-Carlo simulation. As an illustration of the proposed approach, the effect of design parameters on the life-cycle cost of an example RC bridge is studied. The results are shown to be valuable in better estimating the condition of existing bridges (i.e., total accumulated damage at any given time) and, therefore, can help schedule inspection and maintenance programs. In iv addition, by taking into consideration the deterioration process over a bridge life-cycle, it is possible to make an estimate of the optimum design parameters by minimizing, for example, the expected cost throughout the life of the structure. v ACKNOWLEDGEMENTS
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The problem of corrosion of steel reinforcement has been discussed widely in life-cycle cost analysis (e.g. Stewart and Val 2003 , Li 2003 , Kong and Frangopol 2004 , Val 2005 but the change in failure probability over a period of time due to cumulative seismic damage has not been addressed in as much detail. The objective of this work is to present a methodology to include the effect of cumulative seismic damage and corrosion of RC bridges in the life-cycle cost analysis. A variation of the low-cycle fatigue theory (Kunnath et al. 1997 ) that takes into consideration the deterioration in concrete and steel is used in this work. To account for corrosion, the proposed model uses a probabilistic seismic demand model for corroded bridges developed by Choe et al. (2007) .
The methodology is developed for a single-column bridge idealized as a single degree of freedom (SDOF) system. The formulation of cumulative seismic damage for bridges with multiple columns can be built on the proposed approach but is beyond the ______________ This thesis follows the style of Journal of Bridge Engineering, ASCE. scope of this work. As a practical illustration, the proposed formulation is used to assess the LCC of an example bridge.
This thesis is divided into six sections. The second section presents how the proposed approach accounts for the rate of occurrence of earthquakes and their magnitudes, and the structural demand parameters. The third section discusses how the failure probability of RC bridges is computed accounting for the cumulative seismic damage. In the fourth section, the proposed approach is extended to take into account corrosion. The fifth section of the thesis presents the methodology to compute the lifecycle cost (LCC) of a bridge. Finally, the sixth section presents the conclusions.
SEISMICITY AND STRUCTURAL DEMAND
Structural life-cycle cost (LCC) analysis requires first to estimate the seismic characteristics of a region (e.g., earthquake rate of occurrence, and earthquake sources).
This section presents the probabilistic model used in the proposed methodology to simulate the occurrence and the magnitude of earthquakes. In addition, this section describes the computation of structural demand parameters like drift, seismic energy, and number of inelastic cycles of the response of an equivalent SDOF system.
Seismicity modeling and prediction of ground motion parameters
In this study, the moment magnitude w M is used to express the intensity at the source of an earthquake. Magnitudes are sampled independently of the time of occurrence of each earthquake using a cumulative distribution function derived from frequency-magnitude relationship given by Gutenberg and Ritcher (1944) The occurrence of earthquakes is modeled as a Poisson's process with a mean rate appropriate for the region. The Poisson distribution is written as
where, x is the number of occurrences in the time window H T which is the time span over which LCC is computed, ν is the mean number of earthquake occurrences in H T and ( ) f x is the probability density function (PDF) of x . In a Poisson's process the time intervals between two occurrences follow an exponential distribution. Therefore, the time of occurrences of the ( 1) th M + earthquake is simulated as follows:
where, M t is the time of occurrence of the th M earthquake and t ∆ is the time interval between two earthquakes simulated using the following PDF The peak ground acceleration H A and peak ground velocity H V at the bridge site are computed using the ground motion attenuation relationships given by Campbell (1997 
The attenuation relationship for H V is given by 
where V ε is the model error again modeled as a random variable with mean of zero and standard deviation given by Eq. (9) 2 2 +0.06
The function (8) is given by Eq. (10) ( ) Kunnath and Chai (2004) .
This formulation to compute elastic response spectrum, originally proposed by Vidic et al. (1994) and later modified by Chai et al. (2000) , can be written as 
where, T is the fundamental period of the bridge (or the equivalent SDOF system), c T is the characteristic period of ground motion, a C is the ratio of elastic spectral acceleration to peak ground acceleration in the short period range, and v C is the ratio of spectral velocity to peak ground velocity in the velocity controlled region of the response spectrum. The values suggested by Chai et al. (2000) for a C and v C are 2.5 and 2.0, respectively. The value of c T is given by Eq. (13)
The seismic energy demand I E is defined by Kunnath and Chai (2004) as 2 1 2
where, e v is the equivalent input energy velocity given by Eq. (15)
where, v Ω is a velocity amplification factor defined as 
where, λ is an input energy spectrum parameter and is equal to 0.5 as suggested by Kunnath and Chai (2004) 
where s is a geologic site parameter and is equal to 0.0, 1.0 and 2.0 for alluvium, intermediate and rock, respectively. The type of soil used for the numerical example shown later in this thesis is alluvium.
Peak displacement demand
The quantities a S and T are used to compute the peak displacement demand max U based on the probabilistic demand model developed by Gardoni et al. (2003) as
where, H is the clear height of the column, 2 δ θ is a model parameter equal to −0.153 and 0.216
The variable d δ is the natural logarithm of the deterministic drift demand computed using a deterministic procedure originally proposed by Chopra and case of bridges, and δ ε is a random variable that has the standard normal distribution.
Number of inelastic cycles
For a given earthquake response, the equivalent number of constant amplitude inelastic cycles N corresponding to a certain amplitude is needed to compute the seismic damage.
The value of N corresponding to U max is obtained from cyclic demand spectrum (Kunnath and Chai, 2004) as
where y V is the lateral force at yield and the parameter α is the ratio of hysteretic energy to seismic energy demand, I E that can be written as 
where, µ is the ductility demand given by
where y U is the displacement at yield of the column top. The parameter h α is a coefficient suggested by Kunnath and Chai (2004) to account for the deterioration of stiffness due to cyclic loading and is equal to 0.5.
CUMULATIVE SEISMIC DAMAGE
Under earthquake loading, bridge columns undergo several cycles of inelastic deflections. Therefore, low-cycle fatigue analysis is used in this work to evaluate the seismic damage. In addition, an approximate strength degradation equation suggested by Das et al. (2006) is used to compute the structural properties of the damaged structure. This section first presents the background and the method adopted to model the low-cycle fatigue. Then, the computation of damage index DI is discussed. Lastly, the methodology to compute structural properties of a damaged structure is presented.
Low-cycle fatigue
Based on Coffin ( 
Similarly, Kunnath et al. (1997) should collapse when DI is equal to 1.0 but the experimental results in Kunnath et al. (1997) shows that ductile columns, typically designed to fail in flexure, collapse when the value of DI that exceed 0.6.
Structural properties of damaged structure
The structural properties p x of the pristine bridge are defined as follows:
( , , , ) ( )
Das et al. (2006) suggested Eqs. (33) and (34) to account for any change in the fundamental period and displacement at yield due to an earthquake. These equations suggest that the earthquake loading decreases the column stiffness and increases the displacement at yield as follows: A basic Monte-Carlo simulation using the random variables listed in Table 1 and the structural parameters listed in Table 2 is performed to compute the failure probabilities at various time instances during the service life. Based on the experimental observations of Kunnath et al. (1997) , failure was assumed to occur when DI ≥ 0.6. As expected (see Figure 5 ) it is found that the failure probability increases with the age of the bridge due to the damage accumulated during past earthquakes. Axial load on column 
EFFECT OF CORROSION
Corrosion reduces the steel reinforcement area which in turn increases the vulnerability of a bridge. This section presents the methodology to predict the corrosion initiation following Choe et al (2007) and the computation of structural properties of the corroded structure.
Corrosion initiation
Corrosion is initiated in the steel reinforcement when chloride concentration exceeds a critical value cr C . The corrosion initiation time corr T is given by Dura-Crete (2000) as follows:
where, I X is a model uncertainty coefficient to account for the idealization implied by 
Structural properties of corroded structure
The reduction in steel reinforcement area due to corrosion is given by Choe et al (2007) based on the work Vu and Stewart (2000) as follows:
where, M T ′ is the fundamental period at time M t (the time of occurrence of the th M earthquake) of the structure deteriorated due to the corrosion only. As illustrated in 
where, yM U ′ is the yield displacement at time M t due to the corrosion only. Figure 7 compares the contributions of cumulative seismic damage and corrosion in the deterioration of the bridge. The environmental conditions used in calculations are given in Table 3 . It can be noticed that the contribution to the failure probability of the corrosion is small compared to that of the cumulative seismic damage. 
LIFE-CYCLE COST ANALYSIS
The life-cycle cost ( LCC ) of a bridge can be expressed mathematically as follows:
where , ). In the case of collapse, it is assumed that the cost of repair is equal to the cost of reconstruction (i.e., R C C C = ). Stewart and Val (2003) assumed the cost of failure due to collapse to be ten times the construction cost (i.e. Kong and Frangopol (2003) and Stewart and Val (2003) the NPV of F C is given by
where, r is the discount rate and 
where, F n is the number of failures in the time window H T .
The total cost of the bridge construction C C consists of the construction cost of the piers pier C , the deck slab deck C , and the piles pile C . Therefore, the C C can be written as
The value of pier C is computed as ( ) 
CONCLUSIONS
A methodology is presented to include the effect of cumulative seismic damage in lifecycle cost analysis of bridges. The methodology is then extended to account also for the structural deterioration due to the corrosion of steel reinforcement. The uncertainties in the ground motion parameters, seismic demand on the bridge and the corrosion process are accounted for in the methodology. The uncertainties in distance of source and the style of faulting can also be accounted in this methodology.
It is shown that the failure probabilities increase significantly over a bridge service-life. This is because of the damage accumulated during the repeated occurrence of small earthquakes that did not lead to failure. It is also found that, in seismic regions, the contribution of cumulative seismic damage is significantly higher than the one from corrosion. The developed methodology can be used in a life-cycle cost analysis to assess the optimal design parameters for a bridge. As a practical illustration, the proposed formulation is used to assess the LCC of an example bridge and find the optimal column diameter and reinforcement ratio. 
